Objective: The goal of this study was to investigate, in hearing-impaired participants who could not hear the stimuli, the possibility of artifactual auditory steady-state responses (ASSRs) when stimuli are presented at high intensities.
work to detect tone-evoked ABRs (Hyde, Sininger & Don, 1998) . The two main disadvantages of the tone-ABR are (1) it is time-consuming because only one ear and one frequency at a time can be tested, and (2) response detection is subjective, allowing for error in judgment of the presence/absence of responses, depending on the experience and skill of the clinician (Stapells, 2000a) .
ASSRs elicited by modulation frequencies greater than 70 Hz are well suited for assessing individuals who need to be tested in natural sleep or under sedation because state of arousal has little effect on these responses (Cohen, Rickards & Clark, 1991) . ASSRs can be recorded for single-or multiple-carrier frequencies to one ear, or both ears, simultaneously, and the presence of a response is detected using an objective statistical test (Picton, John, Dimitrijevic & Purcell, 2003) . The clinical application of multiple ASSRs is of great interest because of potential time savings, compared with tone ABR, and reduced variability in interpretation of responses. ASSRs to air-conduction stimuli have been found to provide accurate prediction of hearing sensitivity at the audiometric frequencies (Aoyagi, Kiren & Furuse, 1994; Dimitrjevic, John, Van Roon, Purcell, Adamonis, Ostroff, et al., 2002; Herdman & Stapells, 2001 Lins, Picton, Boucher, Durieux-Smith, Champagne, Moran, et al., 1996; PerezAbalo, Savio, Torres, Martin, Rodriguez & Galan, 2001; Picton, Durieux-Smith, Champagne, Whittingham, Moran, Giguere, et al., 1998; Rance & Briggs, 2002; Rance, Dowell, Rickards, Beer & Clark, 1998; Rance, Rickards, Cohen, De Vidi & Clark, 1995) . It has also been suggested that ASSRs can be used to assess residual hearing at levels greater than 80 to 100 dB nHL, which is the upper limit for ABR testing in patients with severe-toprofound hearing loss (Rance et al., 1998) .
Behavioral techniques for threshold estimation routinely assess air-conduction and bone-conduction pure-tone thresholds to distinguish between sensorineural, conductive, and mixed hearing losses. This diagnostic information is used to plan medical intervention and aural (re)habilitation. Accurate boneconduction thresholds are needed for patients with conductive and mixed losses, particularly for children who have unilateral or bilateral otitis media or atresia (Jahrsdoerfer, Yeakley, Hall, Robbins & Gray, 1985; Stapells & Ruben, 1989) . Only four studies have used ASSRs to estimate bone-conduction thresholds. Cone-Wesson et al. (2002) indirectly estimated ASSR bone-conduction thresholds using the "sensorineural acuity level" (SAL) test, which uses bone-conduction noise to mask an air-conduction stimulus that is presented just above the subject's threshold (Jerger & Jerger, 1965) . Three other studies have directly recorded ASSRs to bone-conduction stimuli but only for adults with normal hearing (Dimitrijevic, John, Van Roon, Purcell, Adamonis, Ostroff, et al., 2002; Lins et al., 1996; Small & Stapells, Reference Note 1). Dimitrijevic et al. and Lins et al. used a forehead placement for the bone oscillator; our recent study (Small & Stapells, Ref- erence Note 1) positioned the bone oscillator at the mastoid, which is more typical of clinical testing. In our first attempt to record steady-state responses to bone-conduction stimuli, we found responses whose amplitudes were far too large, even for subjects with normal hearing. These responses were 5 to 15 times larger than those to air-conduction stimuli (Aoyagi et al., 1994; Dimitrjevic et al., 2002; Herdman & Stapells, 2001 Lins et al., 1996; Perez-Abalo et al., 2002; Picton et al., 1998; Rance & Briggs, 2002; Rance et al., 1995 Rance et al., , 1998 . Lins et al. (1996) and Dimitrijevic et al. (2002) assessed responses to stimuli no higher than 20 to 30 dB above threshold and found differences between amplitude/phase measures for bone versus air-conduction ASSRs, particularly for 500 and 1000 Hz carrier frequencies. Small & Stapells (Reference Note 1) recorded boneconduction ASSRs from 0 to 50 dB HL and found that the slope of the amplitude-intensity function was steeper for the 500 Hz carrier frequency compared with higher carrier frequencies. This is not the case for air-conduction stimuli. The larger than expected bone-conduction response and the differences between air-and bone-conduction ASSRs noted in the previous studies, led us to suspect that large stimulus artifact seen with bone conduction was causing spurious responses, particularly for lower carrier frequencies.
A significant problem with bone-conduction stimulus artifact in the electroencephalogram (EEG) is that this energy can be aliased to exactly the same frequency as the ASSR modulation rate, and be interpreted as a response. This is of particular concern for ASSRs because the stimulus and response overlap in time, and relatively slow analogto-digital (A/D) conversion rates (such as 500 and 1000 Hz) have commonly been used (e.g., Dimitrijevic et al., 2002; Herdman & Stapells, 2001 . These rates are available and, as of July 2003, were even the default settings in commercial instruments. For air-conduction stimuli, controlling for artifact in the EEG has not been considered to be a major issue because the electromagnetic artifact is very low in amplitude. If there is large stimulus artifact in the EEG, the choice of carrier frequency, modulation rate, EEG filter characteristics, and A/D rate become very important to avoid aliasing of this energy to modulation rates that are the same as those used to elicit the ASSR. The sampling rate must be
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EAR & HEARING / DECEMBER 2004 more than twice the maximum frequency that is present in the EEG. The Nyquist frequency is equal to half of the sampling rate. Any frequency components above the Nyquist frequency can alias, resulting in frequency components that were not in the original signal (Picton, Hink, Perez-Abalo, Linden & Wiens, 1984) . For example, for a 500 Hz sampling rate, any energy greater than 250 Hz could potentially alias. The alias frequency can be predicted by using the following calculation (National Instruments LabVIEW Measurement Manual, 2000) :
Alias frequency ϭ Absolute value ͑closest integer multiple of sampling frequency
For example, a 500 Hz tone that is amplitudemodulated at 77 Hz would have energy at 423, 500, and 577 Hz. If this energy is present in the EEG being digitized at 500 Hz, an alias frequency would be 500 Hz Ϫ 423 Hzϭ77 Hz, which is exactly the same as the modulation rate for this 500 Hz carrier frequency. When standard audiometric frequencies (500, 1000, 2000, and 4000 Hz) are used as carrier frequencies to elicit ASSRs, this calculation predicts that aliasing will be a potential problem for all of the carrier frequencies when using a 500 Hz A/D rate. Similarly, using a 1000 Hz A/D rate, aliasing will be a potential problem for 1000, 2000, and 4000 Hz carrier frequencies but not for a 500 Hz carrier frequency. Selecting an A/D rate for which the carrier frequencies are not integer multiples, such as 1250 Hz, results in alias frequencies that do not coincide with the modulation rates of the carrier frequencies, thereby substantially reducing the potential for confusing stimulus artifact with an actual response.* Alternating the stimulus polarity is a common technique used to remove or reduce stimulus artifact when recording ABRs (e.g., Hall, 1992) and could also be used to reduce the effects of stimulus artifact that is present in the EEG when recording ASSRs. For ASSR recordings, this can be accomplished by inverting the stimulus, then averaging off-line the responses to the inverted and noninverted stimuli to obtain a response representing the "alternated stimulus polarity." Alternating the stimulus polarity in itself does not degrade the ASSR, as shown recently by Small and Stapells (Reference Note 1), who investigated the effect of "alternating" the stimulus polarity on air-conduction ASSRs recorded for a group of participants with normal hearing. In that study, an air-conduction stimulus was presented at an audible but low intensity (40 dB HL) so that stimulus artifact was not likely to be present in the EEG. ASSRs were recorded to stimuli that had noninverted, inverted, and alternated stimulus polarities. No differences in the amplitude or phase values of the ASSRs were found for either stimulus polarity compared with the alternated stimulus polarity (Small & Stapells, Reference Note 1) .
Our initial problems with ASSRs to bone-conduction stimuli led us to the present study. The purpose of this study was to assess the possibility of spurious ASSRs to air-and bone-conduction stimuli by obtaining recordings from subjects with severe-to-profound sensorineural hearing loss who could not hear the stimuli. Because subjects could not hear the stimuli, any ASSRs that were recorded were necessarily artifactual. All bone-conduction ASSRs were recorded with unoccluded ears. Using the Rotman MASTER research system, we investigated three different A/D rates, two of which, 500 and 1000 Hz, have been used in many recent ASSR studies (e.g., Dimitrijevic et al., 2002; Herdman & Stapells, 2001 . We used a bandpass filter of 30 to 250 Hz to filter the EEG for all A/D rates but added in a steep anti-aliasing filter for the 1250 Hz A/D rate to further minimize the likelihood of aliasing. We obtained recordings at several stimulus intensities, as well as to single versus alternated stimulus polarities.
METHODS
The current study was divided into two experiments, which investigated (1) ASSRs elicited by bone-conduction stimuli in participants with severeto-profound sensorineural hearing loss, and (2) ASSRs to high-level air-conduction stimuli in participants with severe-to-profound hearing loss. This section describes the methodology common to both experiments. The specific details of each experimental design are included for clarity in the description of the results.
Participants
The primary requirement for this study was that participants were not able to hear the stimuli used *There is another problem to consider when selecting an A/D rate. Just as using a 1000 Hz A/D rate can increase the size of an artifactual response, using a 1250 Hz A/D rate might also increase the size of the noise estimate, thus making a true response fail to reach significance. The noise bins associated with various permutations of the A/D, D/A, carrier frequency, and modulation frequencies should be removed from the noise estimate. This concern is a larger issue if only 5 or 10 bins are used in the noise estimate because a single extreme value would have a greater effect. Some researchers and instruments still use this type of statistic. In the MASTER system, 120 bins are used in the noise estimate; consequently, increased noise in a few bins would have a smaller effect on the overall noise estimate.
to elicit the ASSR. Before recording ASSRs, the participant was asked to listen to the stimuli and to describe whether they could be heard or felt. Results for any stimuli that were audible to a participant were omitted from the data analyses. Table 1 summarizes the subject characteristics for the hearingimpaired adults who participated in this study. A total of 17 participants were tested. Sixteen subjects participated in at least one of the test conditions for Experiment 1. Fourteen subjects participated in at least one condition for Experiment 2. Fifteen participants had severe-to-profound sensorineural hearing losses and two had moderately severe hearing losses (one of these had a mixed loss). The majority of the subjects used either hearing aids or cochlear implants; however, three subjects were deaf and used sign language (two of these were deaf and blind). Hearing aids and cochlear implants were turned off throughout the test session.
Stimuli
All stimuli were sinusoidal amplitude-modulated tones with carrier frequencies 500, 1000, 2000, and 4000 Hz that were 100% amplitude modulated at 77.148, 84.961, 92.773, and 100.586 Hz, respectively. The stimuli were presented alone ("single") or simultaneously ("multiple"), depending on the test condition. Single carrier frequencies were presented for bone-conduction stimuli at 60 dB HL and airconduction stimuli at 120 dB HL (500 and 1000 Hz only) because presentation of multiple stimuli at these levels exceeded the maximum allowable amplitude for the output buffer in the MASTER system and/or saturated the stimulus amplifier. Air-and bone-conduction stimuli were generated by MASTER, then routed through Tucker-Davis Technologies SM3 and HB6 modules to allow presentation of noninverted and inverted stimuli. To obtain ASSRs to alternated stimuli, equal numbers of ASSR sweeps, elicited by noninverted and inverted stimuli, were later averaged off line. The air-and boneconduction stimuli were then attenuated, using an audiometer (Interacoustics AC40), and presented to an EAR-3A insert earphone or B-71 bone oscillator, respectively. The transducer box for the insert earphone was placed just below the nape of the neck, usually on the subject's collar. The bone oscillator was held in position on the temporal bone within 2 cm of the pinna with a wide elastic headband fastened with Velcro (Universal Facial Band #210, Design Veronique, Oakland, CA) with 450 to 550 g of force.
Calibration
The bone-conduction stimuli were calibrated in dB HL (ANSI, 1996) , using a Brüel and Kjaer Model 2218 sound level meter and Model 4930 artificial mastoid. The oscillator was coupled to the artificial mastoid with 550 g of force. Linearity, lack of distortion, and symmetry of oscillation when stimulus polarity was inverted were verified up to 60 dB HL for the B-71 transducer. Air-conduction stimuli were 
Recording
ASSRs were recorded using the Rotman MASTER research system (John & Picton, 2000) . Three goldplated electrodes were used to record the electrophysiologic responses; the noninverting electrode was placed at Cz, the inverting electrode was positioned at the nape of the neck, just below the hairline, and an electrode placed at the forehead acted as ground. All interelectrode impedances were below 3 kOhm at 10 Hz. For all A/D rate conditions, the responses were filtered using a bandpass of 30 to 250 Hz (12 dB/octave) and amplified 80,000 times (John & Picton, 2000) . Artifact rejection was set to eliminate epochs containing amplitudes greater than Ϯ40 V.
ASSR sweeps of data were averaged in the time domain and then analyzed on-line in the frequency domain using a Fast Fourier Transform. Amplitudes were measured baseline-to-peak and expressed in nanovolts (nV). An F-ratio was calculated by MASTER and estimated the probability that the amplitude of the ASSR at the modulation frequency for each carrier frequency was significantly different from the average amplitude of the background noise in adjacent frequencies within Ϯ60 bins of the modulation frequency ("noise"). A response was considered to be present if the F-ratio, compared with the critical values for F(2,240), was significant at a level of p Ͻ 0.05. Consistent with previous studies (e.g., Dimitrijevic et al., 1993; Herdman & Stapells, 2001 , recordings without significant responses were continued until one of the following stopping criteria was met. A response could be considered absent if p Ͼ 0.05 and the average amplitude of the noise was less than 11 nV. A response was also considered to be absent if the response amplitude was Ͻ10 nV and if p Ն 0.30. However, the presence or absence of a response was not determined for cases where p Ն 0.05 and the amplitude of the noise was Ն11 nV.
Mean amplitude values were averaged across subjects, including ASSR amplitudes for responses that were not significant. Phase values from MASTER were adjusted by adding 90 degrees to yield the onset phase. Onset phase values were then converted to phase delay (P) by subtracting the onset phase value from 360 degrees. Phase-delay values were reported for significant responses only. Individual amplitude values were also reported for significant responses only.
Procedure
Testing was performed in a double-walled, soundattenuated booth. Participants reclined in a comfortable chair and were instructed to relax or sleep during the ASSR test session. Test sessions were 1.5 to 2.0 hr in duration. Participants signed a consent form before commencing any of the experiments and were paid an honorarium at the end of each session.
Data Analyses
A response was considered to be present for the single-polarity conditions if there were a response (p Ͻ 0.05) in one or both of the noninverted or inverted stimulus polarity conditions. Using an alpha level of p Ͻ 0.05, one would expect a 5% false-positive response rate. Thus, ASSRs were judged to be "artifactual" when the number of subjects showing responses present was significantly greater than the 5% expected by chance as determined by the binomial exact test of statistical significance (Zar, 1984) . For eight to nine subjects, the presence of three or more responses are considered artifactual; for three to seven subjects, the presence of two or more responses are considered artifactual.
RESULTS Experiment 1: Artifactual Responses to BoneConduction Stimuli
The purpose of this experiment was to record ASSRs to bone-conduction stimuli in adults who could not hear the stimuli to investigate the possibility of spurious responses. The subjects that participated are described in Table 1 . A total of 16 hearing-impaired or deaf adults were tested. The right mastoid was used as the test ear for boneconduction ASSRs for all participants, except for those who had cochlear implants in the right mastoid. For these individuals, the left mastoid was used as the test ear. Noninverted and inverted bone-conduction multiple stimuli were presented at 40 and 50 dB HL for all A/D rates. Multiple ASSRs were also recorded to both stimulus polarities at 20 dB HL for a 500 Hz A/D rate (N ϭ 8) and at 20 to 30 dB HL for a 1000 Hz A/D rate for a small number of subjects (total of 4 subjects). For the 1250 Hz A/D rate, intensities below 40 dB HL were not tested, based on results for the 1000 Hz A/D rate (i.e., artifactual responses were not found below this intensity at lower A/D rates). Results (N ϭ 3 to 8) for 40, 50, and 60 dB HL were obtained at this A/D rate. Single stimuli were presented at 60 dB HL for 500 and 1000 -Hz carrier frequencies, but only for the 1000 and 1250 Hz A/D rates (N ϭ 6 per rate). Results for 60 dB HL were not obtained for the 500 Hz A/D rate. Figure 1 presents results for an individual subject (No. 8) who had responses to 50 dB HL 500 and 1000Hz bone-conduction stimuli recorded using a 1000Hz A/D rate. For the 500Hz stimuli, significant responses were present for all three stimulus polarities with similar amplitude (419 to 523 nV) and phase (141 to 154 degrees) values. For the 1000 Hz stimuli, the subject had significant responses to noninverted and inverted stimuli that were 183 degrees out of phase and similar in amplitude (51 to 62 nV); no significant response was present to alternated stimuli (amplitudeϭ6 nV; p ϭ 0.727), thus this result is not plotted. The results for this subject for the 1000 Hz stimuli are consistent with the presence of stimulus artifact in the EEG, which is removed by alternating the stimulus polarity. In contrast, the results for the 500 Hz stimuli show artifactual responses that are not affected by alternating the stimulus polarity. Figure 2 presents results for all subjects (who could not hear the stimuli), showing polar plots indicating the amplitude and phase of the significant ASSRs recorded to 50 dBHL bone-conduction stimuli. Responses that were not significant are not shown in these plots. Clearly, there were artifactual ASSRs to high-level bone-conduction stimuli, as far more than 5% of subjects show responses, especially for 500 and 1000 Hz carrier frequencies. Carrier frequency of the stimulus and the A/D rate used to record the ASSRs had a substantial effect on the number of significant responses that were detected. There were many responses for 500 and 1000 Hz stimuli and only a few responses for 2000 and 4000 Hz carrier frequencies. There were also many more spurious responses using the 500 and 1000 Hz A/D 
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rates compared with the 1250 Hz A/D rate, particularly for the 1000, 2000, and 4000 Hz carrier frequencies. Responses to the 500 Hz stimuli were present at all A/D rates but were considerably larger in amplitude when using the 500 and 1000 Hz A/D rates (as indicated by the polar plot radius). For the 500 Hz stimulus and the 500 Hz A/D rate, the responses to noninverted and inverted stimuli were very large-as much as 1558 nV-and inverted with inversion of the stimulus polarity. Neural responses should not invert; therefore, these responses appear to be due to stimulus artifact. † Alternating the stimulus polarity should reduce or eliminate responses arising from stimulus artifact. This was, in fact, what happened for the 1000 and 2000 Hz stimuli across conditions. Artifactual responses to alternated stimuli, however, were still clearly present to 500 Hz stimuli at all A/D rates. Figure 4 presents the percent occurrence of ASSRs to alternated-polarity bone-conduction stimuli, showing that artifactual responses were not present to alternated stimuli for 1000, 2000, and 4000 Hz stimuli for any A/D rate. Artifactual responses were present to 500Hz stimuli for all intensities for the 500 Hz A/D rate and for 50 and 60 dB HL for the 1000 and 1250 Hz A/D rates. The artifactual responses to 500 Hz stimuli for the 1000 Hz and 1250 Hz A/D rates are not easily explained by aliasing and, because the responses did not invert with inversion of the stimulus polarity, stimulus artifact is not likely the origin of these responses.
Artifactual responses were less likely to be present to lower stimulus intensities. For a 500 Hz A/D rate, there were artifactual responses to 500 Hz stimuli at 20 dB HL for the single-polarity condition but no artifactual responses for the alternated stimuli. For the 1000 Hz A/D rate, there were artifactual responses to 1000 Hz stimuli at 20 and 30 dB HL for the single-polarity condition but no artifactual responses for the alternated stimuli. For the 1250 Hz A/D rate, there were no responses to single or †The inverting of the stimulus by 180 degrees causes the artifacts in the recorded EEG data to invert 180 degrees. The addition of these two out-of-phase artifacts will cause them to cancel each other out. The physiologic ASSR, however, will not be affected by flipping the phase of the stimulus (i.e., of the carrier) because it is a neural response determined by the modulation envelope of the stimulus. alternated stimuli presented at 40 dB HL; lower intensities were thus not tested.
Experiment 2: Artifactual Responses to HighIntensity Air Conduction Stimuli
Stimulus artifact is clearly problematic when recording ASSRs to bone-conduction stimuli. These findings led to the second experiment, which investigated whether high-level air-conduction stimuli can result in artifactual responses. The subjects that participated in Experiment 2 are described in Table  1 . Four to six subjects were tested for each A/D rate, resulting in a total of 14 hearing-impaired or deaf adults participating. In one subject, both ears were tested (separately) using a 500 Hz A/D rate, but only the results for one ear are included in the figures and data analyses (see below). In the first phase of this experiment, using a 500 Hz A/D rate, the insert earphone transducer was placed near the nape of the neck and the foam tip was inserted into the ear canal. Because of the difficulties finding deaf participants who could not hear high-intensity air-conduction stimuli, subsequent phases of this experiment, which used 1000 and 1250 Hz A/D rates, were set up so that the tube between the transducer and the foam tip was clamped and the foam tip was not placed in the ear canal, to ensure that the stimulus could not be heard. The main purpose of this experiment was to determine if stimulus artifact could result in spurious results. Unfortunately, any information about artifactual responses due to sources other than stimulus artifact was lost by clamping the tube. To record ASSRs for a 500-Hz A/D rate, non-inverted and inverted multiple stimuli were presented at 116, 119, 116, and 114 dB HL, for 500, 1000, 2000, and 4000 Hz carrier frequencies, respectively. To record ASSRs using 1000 and 1250 Hz A/D rates, noninverted and inverted air-conduction single stimuli were presented at 116 and 119 dB HL for 500 and 1000 Hz carrier frequencies, respectively. ASSRs were also obtained for alternated stimuli for all conditions.
The polar plots in Figure 5 show that artifactual responses were obtained to high-intensity air-conduction stimuli at 500 Hz using the 500 Hz A/D rate and at 1000 Hz using the 1000 and 1250 Hz A/D rates, despite the absence of an audible signal at the ear. As shown in Figure 6 , alternating the stimulus polarity eliminated these responses. The number of responses at 2000 and 4000 Hz for the 500 Hz A/D rate were not significantly greater than expected by chance. The spurious responses seen for the 1000 Hz rate probably resulted from stimulus artifact in the EEG, considering that there was no stimulus presented to the ear. The few responses seen for the 1250 Hz rate may be due to chance. Two responses were present, but these were from two different subjects and for only one stimulus polarity. In both cases, a small response averaged with no response in the opposite polarity resulted in a non-significant ASSR to the alternated stimulus condition (i.e., not a true cancellation due to alternated stimuli). In one 
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EAR & HEARING / DECEMBER 2004 subject (No. 10), different results were obtained, depending on which ear was stimulated using the 500 Hz A/D rate. When the right ear was stimulated, there were no responses to the air-conduction stimuli. When the subject's left ear was stimulated, however, responses were present for the 500 Hz carrier frequency for both stimulus polarities. These responses were similar in phase for each polarity and thus were not removed by alternating the stimulus polarity. At the same time as stimulation of this ear, the subject reported feeling nauseous and slightly dizzy.
DISCUSSION
The results of these experiments clearly indicate that high-intensity air-or bone-conduction stimuli can produce artifactual (or spurious) ASSRs, especially to 500 and 1000 Hz carrier frequencies. Soon after the results of these experiments were presented, other researchers reported spurious ASSRs to bone-conduction (Jeng, Brown, Johnson & Vander Werff, 2004) and high-intensity air-conduction (Gorga, Neely, Hoover, Dierking, Beauchaine & Manning, 2004) stimuli in subjects who had severe-to-profound hearing losses and could not hear the stimuli. Overall, the greater number of artifactual responses for the 500 and 1000 Hz A/D rates compared with the 1250 Hz rate are consistent with our hypothesis that stimulus artifact in the EEG aliases to exactly the modulation rates for specific carrier frequencies. Specifically, energy from the stimulus artifact can result in spurious responses at all carrier frequencies when using a 500 Hz A/D rate and at 1000, 2000, and 4000 Hz carrier frequencies when using a 1000 Hz A/D rate. These results show that artifactual responses do, in fact, occur at the frequencies predicted. As shown in Figures 1, 2 , and 4, in many cases the phase delay of the responses to noninverted and inverted stimulus polarities differ by approximately 180 degrees and alternating the stimulus polarity substantially reduces the number of artifactual responses present. These changes with stimulus polarity further support our hypothesis that stimulus artifact is the underlying cause of many of the spurious responses as one would expect stimulus artifact to invert with inversion of the stimulus polarity. There were very few responses at 2000 and 4000 Hz, although they were predicted to occur. These results are consistent with the presence of lower amplitude stimulus artifact to alias at these frequencies compared with lower frequencies. Higher carrier frequencies are further away from the EEG low-pass filter cutoff frequency and thus stimulus artifact would be much smaller in amplitude. Also, for ANSI HL calibration, much less energy (7 to 27 dB) is required to drive the oscillator at 2000 to 4000 Hz compared with 500 to 1000 Hz (ANSI, 1996) , which, in turn, reduces the amplitude of stimulus artifact produced at the higher frequencies.
Clearly, appropriate choice of EEG filter slope and low-pass cutoff and A/D rate can avoid spurious responses due to aliasing. Oversampling using very high A/D rates will also alleviate aliasing problems (but will also result in very large continuous data files). Also, alternating the stimulus polarity can help reduce the number of artifactual responses. However, artifactual responses due to other causes still occur for bone-conduction stimuli at levels 50 dB HL and higher. In the present study, the stimulus polarity was alternated off-line. Currently, there is no clinical equipment available that allows the stimulus polarity to be alternated, off-line or on-line. Future research is required to develop an alternated stimulus that can be presented online to record ASSRs.
Based on the findings of the present experiments, Picton & John (Reference Note 2) recently investigated additional ways to reduce the likelihood of spurious responses by using stimuli with frequency spectra that would not alias back to the modulation frequencies of responses, such as "alternating sinusoidally amplitude-modulated tones." They found that this type of tone, which alternates the polarity of the carrier frequency at every cycle of the modulation, results in response amplitudes that are similar to response amplitudes obtained using the al- ternated stimuli described in this study. They also recorded ASSRs to "beat" stimuli but reported response amplitudes significantly reduced compared with alternated stimuli and are thus not suitable for threshold estimation.
Other attempts have also been made to reduce or avoid the impact of stimulus artifact in the EEG when using bone-conduction stimuli to elicit ASSRs. One possibility might be to reduce the intensity of the bone-conduction stimuli required to elicit an ASSR by occluding the ear canals. The occlusion effect reduces behavioral pure-tone thresholds in adults by an average of 16 and 8 dB for 500 and 1000 Hz long-duration bone-conduction stimuli (Dirks & Swindeman, 1967; Goldstein & Hayes, 1965) . Dimitrijevic et al. (2002) estimated bone-conduction ASSR thresholds with occluded ears; however, because they used a forehead placement for the bone oscillator, which increases thresholds by 14 and 8.5 dB (ANSI, 1996) , there was no net decrease in intensity of the stimulus. Occluding the ears when recording ASSRs to bone-conduction stimuli at the mastoid might be used to reduce the stimulus level needed to reach threshold and thus reduce any stimulus artifact in the EEG, especially at 500 and 1000 Hz. However, the occlusion effect has not been investigated in infants. An alternate approach might be to use the SAL test to indirectly estimate bone-conduction thresholds (Cone-Wesson et al., 2002) . Stimulus artifact may be less of a concern for the SAL test because a bone-conduction noise masker is used to mask an air-conduction ASSR, instead of a bone-conduction stimulus eliciting the ASSR. The electromagnetic artifact of the boneconduction noise used in the SAL procedure, however, may result in higher ASSR noise levels and thus higher thresholds. An important disadvantage of this technique is that the bone-conduction threshold is derived from two estimated thresholds, instead of one direct estimate of threshold, and is consequently more variable and time consuming. The SAL technique has not been assessed in subjects who cannot hear the stimuli to rule out the possibility of spurious responses.
The spurious responses to high-intensity air-conduction stimuli for single-polarity stimuli at 500 and 1000 Hz for a 500 Hz A/D rate and at 1000 Hz only when using a 1000 Hz A/D rate are also consistent with aliasing problems related to stimulus artifact. In Experiment 2, no air-conduction stimulus was actually presented to the subjects' ears when using the 1000 and 1250 Hz A/D rates; it therefore follows that any responses that were detected using these rates must be due to stimulus artifact. As expected, the responses were eliminated when the stimulus polarity was alternated. However, in one of the ears of the six subjects in Experiment 2 who had airconduction stimuli presented directly to the ear, alternating the stimulus polarity did not eliminate the spurious responses. This is similar to the boneconduction ASSRs to the 500 Hz carrier frequency that were not canceled out by alternating the stimulus.
The artifactual responses present to a 500 Hz carrier frequency at the 500, 1000, and 1250 Hz A/D rates cannot be easily explained by aliasing. For the 500 Hz A/D rate, alternating the stimulus polarity should have removed the artifactual responses if they were indeed caused by stimulus artifact. Using the 1000 Hz A/D rate, the alias frequencies are predicted to be the same as the modulation rates used for the 1000, 2000, and 4000 Hz carrier frequencies but would not occur for the 500 Hz carrier frequency. As expected, the number of responses at 1000, 2000, and 4000 Hz were substantially reduced or eliminated by alternating the stimuli. Based on aliasing predictions, the responses at 500 Hz were not expected for the 1000 Hz A/D rate; these spurious responses were not reduced in number by alternating the stimulus polarity. Further, using the 1250 Hz A/D rate, aliasing is not predicted to cause artifactual responses at any of the modulation rates. The results for this A/D rate show, however, that artifactual responses are present to the 500 Hz stimuli, even after alternating the stimulus polarity and using an anti-aliasing filter with a steep slope (that should also eliminate any aliasing). Thus, the spurious 500 Hz responses are not due to aliasing, and are likely physiologic (though nonauditory) in origin.
A number of studies have shown that high-level auditory stimuli can result in vestibular-evoked myogenic responses (VEMPs), particularly recorded from the region of the inion and the sternocleidomastoid muscle. ‡ Von Békésy (1935) was the first to show that very loud sounds can activate the vestibular system. Subsequently, Geisler, Frishkopf, and Rosenblith (1958) and Bickford, Jacobson, and Cody (1964) recorded responses from the inion muscle to loud clicks. The high-intensity auditory stimuli were thought to activate vestibular afferents believed to arise from the saccule, which, in turn, modulated the tonic electromyogram activity of the head, neck, arm, and leg muscles (Bickford et al., 1964) . The waveform was comprised of four negative peaks with latencies of approximately 12, 26, 51, and 75 msec, respectively. They found that the amplitude of the response was proportional to the degree of tonic activation of the muscle and that all peaks were ‡Prevec and colleagues investigated whether the somatosensory system contributes to the frequency-following response to highlevel bone-conduction stimuli in deaf subjects (Prevec & RibaricJankes, 1996; Ribaric, Prevec & Kozina, 1984) . They concluded that it is highly improbable.
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EAR & HEARING / DECEMBER 2004 present for intensities greater than 90 to 100 dB SPL. Amplitude of the response decreased with intensity, and the earliest peaks were not detectable below 90 to 100 dB SPL. Townsend and Cody (1971) used brief tones to elicit a response from the inion and found that 250 and 500 Hz stimuli produced the largest amplitudes. The majority of research on VEMPs has focussed on responses from the sternocleidomastoid muscle (SCM). The amplitude of this response directly relates to the amount of tonic activation of the SCM. If the subject is relaxed and there is no load on the muscle, the vestibular-evoked response is not detected (Townsend & Cody, 1971) . Response amplitudes were maximal at for 300 to 1000 Hz air-conduction brief tones presented at 95 to 100 dB nHL (Cheng, Huang & Young, 2003; Todd, Cody & Banks, 2000; Welgampola & Colebatch, 2001 ). Sheykholeslami, Kermany, and Kaga (2000) found that they could elicit SCM responses to 100 to 800 Hz bone-conduction brief tones and obtained maximum amplitudes for 200 and 400Hz stimuli presented at 70 dB nHL. Recently, Nong, Ura, and Noda (2000) reported an acoustically evoked shortlatency negative response at 3 to 4 msec when recording ABRs in patients with profound hearing loss. They suggested that the saccule was the sense organ and that the response originated from the vestibular nucleus in the brain stem. It is not likely that VEMPs from the SCM are the source of the nonauditory ASSRs recorded in this study because the electrodes were not placed on or near this muscle and the subjects reclined in a chair in a relaxed state. It is possible, however, that nonauditory responses in this study could arise from VEMPs from the inion muscle because of its close proximity to the inverting electrode on the nape. Future ASSR research should investigate other electrode placements. The high-intensity bone-conduction and air-conduction stimuli used in this study were less intense than those they used to elicit optimal VEMPs but may still have been sufficiently loud to elicit a response that could be mistaken for an ASSR. § It is also possible the response originates directly from the vestibular system (Nong et al., 2000) . It was not possible to verify a vestibular contribution to the spurious ASSRs recorded in the present study; however, further support for this possibility is provided by subject 10, who reported vestibular effects when presented with high-intensity air-conduction directly to her left ear.
The results of this study have a number of general implications: (1) to avoid aliasing, the A/D rate should be selected so that the carrier frequencies are not integer multiples of the A/D rate, (2) artifactual ASSRs may occur when determining steady-state response thresholds for bone-conduction stimuli, in any subject, (3) artifactual ASSRs may also occur when assessing thresholds to air-conduction stimuli, especially for individuals with profound hearing loss, and (4) alternating the stimulus polarity helps reduce artifactual responses arising from stimulus artifact. Finally, this study shows an important additional finding. Because the phases of the 500 Hz bone-conduction responses do not invert with inversion of stimulus polarity, these responses may be physiologic but nonauditory in origin. Perhaps the responses we obtained to the 500 Hz stimuli are vestibular in origin?
The most important clinical implication that arises from the current study is that stimulus artifact must be considered when recording ASSRs using boneconduction and high-intensity air-conduction stimuli for threshold estimation. Previous studies have suggested that ASSRs can be used to assess residual hearing in individuals with profound hearing loss because they can be elicited by stimuli at higher intensities than can be used to elicit ABRs. The results of this study indicate that high-intensity air-(and bone-) conduction stimuli can produce spurious ASSRs, particularly for low-frequency stimuli. It is common for individuals with profound hearing loss to have residual hearing only in the low frequencies; consequently, if an ASSR is present to a low-frequency high-intensity stimulus, there is no way to know if it is auditory or nonauditory in origin because of the possibility of activating the vestibular system and/or stimulus artifact in the EEG. Alternating stimulus polarity can help rule out stimulus artifact as a contributor but not a nonauditory physiologic response. Current clinical equipment designed to record multiple ASSRs, however, does not alternate stimulus polarity. It also must be reiterated that there is a safety issue that must be considered when presenting high-level stimuli to the ear for as long as 5 minutes (a common length of time required to record threshold ASSRs). Exposure to these levels could cause a temporary threshold shift, tinnitus and, possibly, permanent damage.
CONCLUSIONS
Based on the results of this study, it is clear that an A/D rate such as 1250 Hz is required to record ASSRs to bone-conduction and high-intensity airconduction stimuli so that the carrier frequency of the stimulus is not an integer multiple of the A/D rate. ASSRs to single polarity bone-conduction stim§It is conceivable that forehead placement of the bone oscillator might result in less vestibular stimulation, possibly due to a different mode of stimulation compared with temporal bone placement. However, intensity differences per se cannot explain this, as calibrations for 0 dB HL adjust for forehead-mastoid differences. uli using a 1250 Hz A/D rate can be recorded accurately for (1) 500 Hz stimuli up to 40 dB HL, (2) 1000 Hz stimuli up to 50 dB HL, (3) 2000 Hz stimuli up to at least 50 dB HL, and (4) 4000 Hz stimuli up to 60 dB HL. ASSRs to alternated polarity boneconduction stimuli using a 1250 Hz A/D rate can be recorded accurately for (1) 500 Hz stimuli up to 40 dB HL, (2) 1000 Hz stimuli up to 60 dB HL, (3) 2000 Hz stimuli up to at least 50 (and probably 60) dB HL, and (4) 4000 Hz stimuli up to at least 50 (and probably 60) dB HL. ASSRs to single polarity airconduction stimuli using a 1250 Hz rate can be recorded accurately for all frequencies, except, perhaps at 1000 Hz, up to at least 114 to 120 dB HL. ASSRs to alternated polarity bone-conduction stimuli can be recorded accurately for all frequencies up to at least 114 to 120 dB HL.
Even though ASSRs appear promising, bone-conduction ASSRs will not be ready for clinical use until there are normative threshold data for infants of different ages and sufficient threshold data for infant and adult subjects with impaired hearing.
